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Single crystals of layered high-temperature superconductors intrinsically behave as stacks of Josephson
junctions. We analyze response of current-biased stack of intrinsic junctions to irradiation by the external
electromagnetic �em� wave. In addition to well-known Shapiro steps in the current-voltage characteristics,
irradiation promotes stimulated radiation which adds with spontaneous Josephson radiation from the crystal.
Such enhancement of radiation from current-biased crystal may be used for amplification of em waves.
Irradiation also facilitates synchronization of Josephson oscillations in all intrinsic Josephson junctions of a
single crystal as well as oscillations in intrinsic junctions of different crystals.

DOI: 10.1103/PhysRevB.78.224519 PACS number�s�: 85.25.Cp, 74.50.�r, 42.25.Gy

I. INTRODUCTION

Use of Josephson coupled cuprate superconductors such
as Bi2Sr2CaCu2O8 �BSCCO� for generation and detection of
electromagnetic �em� radiation in the terahertz frequency
range is in the focus of many recent experimental and theo-
retical studies both in zero external magnetic field1–7 and for
the moving Josephson vortex lattice.8–12 With respect to ra-
diation, the goal is to get powerful, tunable, and coherent
terahertz electromagnetic radiation due to synchronized Jo-
sephson oscillations in many intrinsic Josephson junctions
�IJJs� biased with the direct c-axis current. Due to very high
density of IJJs along the c axis in BSCCO crystals, it is
possible to obtain strong emittance from the crystal edge into
free space in the super-radiation regime.7 Such a radiation
enhances the direct current at a given voltage because radia-
tion results in effective dissipation of energy from the junc-
tion edges in addition to that caused by quasiparticles inside
the junctions. The opposite effect, Shapiro step in the c-axis
current-voltage �I-V� characteristic at given voltage due to
irradiation of the crystal by the em wave, provides basis for
detection of the terahertz radiation by layered superconduct-
ors.

The Shapiro steps in IJJ were observed without applying
magnetic field1–3,13–16 and also in the moving vortex lattice
state.9 Step formation is usually discussed using approach
outlined in the pioneering works of Josephson and of Sha-
piro. In this approach the amplitudes of dc and ac voltages �V
and v� are assumed to be fixed leading to modulation the
frequency of the Josephson current via the junction,

��t� = �2e/���V + v cos��t + ��� , �1�

where � is the external frequency. At the matching condi-
tions �J=2eV /�=n� with n=1,2 , . . ., such frequency
modulations lead to the dc components in the Josephson cur-
rent,

�I�t��t = Ic�sin�	
0

t

d����� + �0
�
t

= Ic�− 1�nJn�2ev
��

sin��0 − n�� , �2�

where Jn�x� is the Bessel function. One can see from this
expression that the Shapiro steps result from adjustment of
the phase of Josephson oscillations to the bias current at
given phase of external ac voltage. Heights of these Shapiro
steps are determined by the Bessel function Jn�2ev /���. In
more quantified description the alternating external current
Iext cos��t+��, rather than ac voltage, is assumed to be
fixed. This current has to be introduced in the right-hand side
of the sine-Gordon equation for the phase difference to ob-
tain the amplitude of the induced alternating current voltage
v.17 To convert external em wave into the alternating current
inside IJJ and, finally, into the direct current, antenna sensi-
tive to the external ac electric field Ee was used.2,3 At small
incident powers the amplitude of the induced ac voltage
scales as the square root of the incident-wave power, v
��P.

Josephson junctions in resistive state emit electromagnetic
radiation. In addition to forming the Shapiro step, the exter-
nal irradiation also modifies this generated radiation. In par-
ticular, in the region of current enhancement, �I�t��t�0, the
irradiation promotes conversion of dc power into the addi-
tional stimulated radiation. The key feature of this stimulated
radiation is that its power is proportional to the square root of
the incident power. The relation between the first Shapiro
step, n=1, and radiation from IJJ will be the focus of this
paper.

First, we note that the conversion of incident em wave
into extra direct current �Shapiro step� inside layered super-
conductors with IJJ may be realized not only by use of an-
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tenna external to the crystal �crystal-antenna �CA�
channel�1–3,5,16 but also via direct irradiation of the crystal
edge parallel to the ac or bc plane �direct-irradiation �DI�
channel�.9,15 Coupling of external em field and the em field
inside the junctions at the crystal edge is described by the
Maxwell boundary conditions which relate incident em wave
directly to the phase differences at IJJ edges. For DI channel
the crystal itself plays the role of antenna. We will derive the
Shapiro step and radiation power for such DI setup and we
will show that overall radiation from the crystal increases
�decreases� when the current at the Shapiro step increases
�decreases� with respect to that in the absence of irradiation.
We will also find the conditions for zero-crossing Shapiro
steps in the case of direct irradiation.3,15

We note that CA and DI channels are optional also for the
transmission of the em wave when Josephson oscillations in
IJJ are used to convert the interlayer direct current into the
em waves. Layered crystal may be used as a transmitter in
the design CA �Ref. 5� or it may directly emit the em waves
into the free space from crystal edge as described in Refs. 7
and observed in Ref. 6. It is the latter channel which makes
possible tunable super-radiation from large number N of IJJ
with high power proportional to N2.

We consider crystal with sizes Lx, w, and Lz=Ns in the
directions x, y, and z, respectively �see Fig. 1�. We assume
that �i� Lx ,Lz	
� /2=c / �2�J�, �ii� w�
� and incident wave
has wave vector k= �kx ,0 ,kz� so that all quantities may be
assumed y independent, and �iii� JJ stack is bounded by me-
tallic contacts with the same lateral sizes as the stack and
extends in the z direction over distance Lsc /2�
�. We as-
sume that the contact material has a very small surface im-
pedance. Such contacts serve as a screens restricting radia-
tion to half-infinite spaces �x��Lx /2 and thus preventing
destructive interference of radiation from the edges x
= �Lx /2 of the crystal. The right half-space is filled by a
dielectric with the permeability d.

We consider the incident plane wave coming from left
half-space. The components of this wave with nonzero Ex
and Ey are reflected back due to superconducting currents
along the layers. The only part of the wave with polarization
such that Ez�0 interacts with the Josephson currents and
leads to the Shapiro steps and re-emission into left and right
half-spaces. To find the I-V characteristics we need to match
the em fields outside and inside the crystal.

Inside the junction n �between layers n and n+1� the av-
erage electric field Ez,n and magnetic field By,n are expressed
via the phase difference �n�x , t� as18

Ez,n = �Bc�/�c����n/��� , �3�

��n
2 − �−2T̂ab�hy,n + T̂ab�u�n = 0, �4�

and the equation for �n�x , t� is

�2�n

��2 + �c
��n

��
+ sin �n − �uhy,n = 0. �5�

Here hy,n=By,n /Bc with Bc=�0 / �2�
ab
c� and T̂ab�1
+�ab� /��. We use reduced x coordinate, u=x /
J, normalized
to 
J=�s and reduced time, �=�pt, and �=�J /�p, where
�p=c / �
c

�c� is the plasma frequency, c is the c-axis high-
frequency dielectric constant inside the superconductor, 
ab
and 
c are the London penetration lengths, �=
c /
ab is the
anisotropy ratio, ��
ab /s, and �n

2 notates the discrete sec-
ond derivative operator, �n

2An=An+1+An−1−2An. We ne-
glected capacitive coupling19 because it does not affect our
results �see Ref. 7�. In terms of these parameters the Joseph-
son critical current is Jc=�0c / �8�2s
c

2�. The dissipation pa-
rameters, �ab=4��ab / ��2c�p� and �c=4��c / �c�p�, are de-
termined by the quasiparticle conductivities, �ab and �c,
along and perpendicular to the layers, respectively. The typi-
cal parameters of the optimally doped BSCCO at low
temperatures20 are c=12, s=15.6 Å, �=500, 
ab=200 nm,
Jc=1700 A /cm2, �c�0�=2�10−3 �� cm�−1. This gives �
�130 and �c�2�10−3.

External and internal em fields are related via the Max-
well boundary conditions, i.e., continuity of the transverse
field components across the boundary. These conditions, ac-
cording to Eqs. �3� and �4�, provide also the boundary con-
ditions for the phase differences, i.e., the relations between
time and space derivatives of �n�x , t� at the edges. They al-
low us to solve Eqs. �4� and �5� for �n�x , t� and find the I-V
characteristics, the Shapiro steps, and the Poynting vector of
radiation.

II. BOUNDARY CONDITIONS FOR FIELDS

We formulate the boundary conditions at the edges paral-
lel to �y ,z�. As the y and z sizes of the system �crystal and
screens� are assumed to be larger than the wavelength, the
electromagnetic wave fields can be considered y independent
and the spaces to the left and to the right from screens and
crystal may be treated as half-infinite. In the case of such
half-infinite space geometry for propagating waves we find
the boundary conditions analytically. From the Maxwell
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FIG. 1. �Color online� Schematic picture of a layered supercon-
ductor cut in the form of layer stack �in the middle� and screens.
The directions of the transport direct current, J, of the incident
wave, Pinc are shown. The incident em wave induces the oscillating
c-axis current in the crystal. Interaction of this current with the
Josephson oscillations leads to the Shapiro step in the current-
voltage dependence and stimulates additional backward and for-
ward radiations, P− and P+.
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equations in the free space we find relation between the mag-
netic, B= �0,By ,0�, and the electric, E= �Ex ,0 ,Ez�, fields at
the boundaries. The electromagnetic field in the left half-
space consists of the incident plane wave with the fields,

Ez,e = − By,e cos �, Ex,e = By,e sin � ,

By,e = Be exp�i�k�,x�x + Lx/2� + k�,zz + � − ���� ,

where �k�,x ,k�,z�= �k� cos � ,k� sin ��, and outgoing radiated
and reflected electromagnetic waves propagating from the
crystal in all directions in the �x ,z� plane,

By,r,Ex,r,Ez,r � exp�− i�kx�x + Lx/2� + kzz + ���� ,

where kx=sgn����k�
2 −kz

2�1/2 for kz
2�k�

2 and kx= i�kz
2−k�

2 �1/2

for kz
2�k�

2 . Here � is the propagation angle, k�=� /c and �
is the phase of the incident wave at the crystal edge relative
to the phase of Josephson oscillations inside the junctions.
The em wave propagating backward is composed from the
plane wave reflected from the screens and cylindrical waves
reflected and emitted from the crystal area. In terms of the
incident and radiated fields the boundary conditions at u=

−L̃x /2 �L̃x=Lx /
J� follow from Eqs. �3� and �4� where

By�n,�� = By,r�n� + By,e�n,�� , �6�

Ez�n,�� = Ez,r�n� + Ez,e�n,�� . �7�

Here By,r�n� and Ez,r�n� are the emitted em fields at the edge
of junction n. On the right side, radiated waves are propagat-
ing in the dielectric and here we need to replace k�

2 in the
above expressions by dk�

2 and put By,e=Ez,e=0 �we do not
account for the waves reflected from other side of the dielec-
tric�.

The relations between radiated fields at u= � L̃x /2 are4

By,r��,kz� = � ���kz�Ez,r��,kz� ,

���kz� = � ��k����k�
2 − kz

2�−1/2 for kz
2 � �k�

2

− i�k��kz
2 − �k�

2 �−1/2 for kz
2 � �k�

2 .
� �8�

Here we denote −=1 and +=d.
The inverse Fourier transform with respect to kz gives

nonlocal relations between radiated fields at the edges,

By,r�z� = 	
−�

�

dz�K−�z − z��Ezr�z��

� 	
−Lz/2

Lz/2

dz�K−�z − z��Ez�z��

− 	
−�

�

dz�K−�z − z��Ez,e�z��

= 	
−Lz/2

Lz/2

dz�K−�z − z��Ez�z�� + By,e�z� .

Here

K��z� =
�
2

��k��J0����k��z� + ik�N0����k��z�� , �9�

with J0�x� and N0�x� being the Bessel functions. In the first
integral in the second line for Ez�z�� we replace infinite limits
with �Lz /2 because the electric field on the surface of
screens is very small and the integral outside of screens can
be neglected because the kernel K−�z−z�� is small there. The
integral over Ez,e�z� was transformed using relation

− 	
−�

�

dz�K−�z − z��Ez,e�z��

= −
�k��

�k�
2 − k�,z

2
Ez,ee

ik�,zz = By,ee
ik�,zz.

Using By,r�z�=By�z�−By,e�z�, we finally derive boundary
condition relating the fields at the left side,

By�− Lx/2,z� = 	
−Lz/2

Lz/2

dz�K−�z − z��Ez�− Lx/2,z��

+ 2By,e�− Lx/2,z� . �10�

Similarly, for the right side we derive

By�Lx/2,z� = − 	
−Lz/2

Lz/2

dz�K+�z − z��Ez�Lx/2,z�� . �11�

These conditions together with Eqs. �3�–�5� determine oscil-
lating phase ��x , t� inside and radiation outside.

III. SOLUTION FOR OSCILLATING PHASE

In the regime when all junctions are similar and they are
irradiated similarly, phases of oscillations in all junctions
should be the same as the same c-axis direct current flows
via all junctions, and oscillations are locked by the irradia-
tion field. We consider high-frequency regime, �=�J /�p
�1, when Shapiro steps may be observed.21 The equation
for uniform phase differences �n�u ,��=��u ,�� is

�2�

��2 + �c
��

��
+ sin � − �2�u

2� = 0.

In the limit ��1 we look for the solution in the form
��u ,��=��+Im����u�exp�−i���� where the oscillating part,
���u�, is small and satisfies the equation

��2 + i�c���� + �2�u
2�� = − 1. �12�

From Eqs. �10� and �11�, using relations By =Bc�
2�u�� and

Ez=−i��Bc� /�c���, we derive the boundary conditions for

��. At u=−L̃x /2 we get

���,n = −
is�

��c
�
m

K−�k�s�n − m���m,� + h̃ , �13�

with h̃=2hee
i� /�2 and he=Be /Bc. We assume that

k�Lz sin ��1 which allow us to neglect z dependence of
By,e�−Lx /2,z� in Eq. �10�. Similarly, the boundary condition

for u= L̃x /2 is given by Eq. �13� with h̃=0 and substitute
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K−→K+. For the case of homogeneous phase, performing
summation over m, we write the boundary conditions in a
simple form,

�u�� = − i��−�� + h̃ at u = − L̃x/2,

�− =
Lz

2��c

��k�� − ik�L�
�−��, L�

�−� �
2

�
ln� 5.03

�k��Lz

 ,

�14�

and

�u�� = i��+�� at u = L̃x/2,

�+ =
dLz

2��c

��k�� − ik�L�
�+��, L�

�+� �
2

�
ln� 5.03

��d�k��Lz

 .

�15�

The solution of Eq. �12� is given by

���u� = −
1

�2 + i��c
+ A cos�k̄�u� + C sin�k̄�u� , �16�

with k̄�=��2+ i�c� /����+ i�c /2� /�. The first term here is
the amplitude of uniform Josephson oscillations, while the
second and the third terms describe the electromagnetic
waves propagating inside the junctions. They are generated
at the crystal boundaries due to the radiation fields. The con-
stants A and C have to be found from boundary conditions
�14� and �15�. Approximately, they can be represented as

A � ��ik̄�/��� cos � + h̃�k̄� cos � − i��+ sin ���D−1,

C � h̃�k̄� sin � + i��+ cos ��D−1,

D � k̄�
2 sin�2�� + ik̄��� cos�2�� . �17�

Here �= k̄�L̃x /2���+ i�c /2�Lx / �2
c� and �=�++�−, with
�����1. We kept only terms lowest in order 1 /��1. In the
following we will mostly focus on the case of narrow stack,
�Lx /
c�1. In this limit one can neglect coordinate depen-
dence of the oscillating phase inside the stack leading to a
very simple analytical result

���u� � −
L̃x − h̃�2

��2 + i�c��L̃x + i��2�
. �18�

It was shown in Ref. 7 that without external radiation the
homogeneous synchronized state is stable with respect to
small perturbations due to interaction with generated radia-
tion field in combination with intralayer dissipation.22 Inter-
action with the radiation field also synchronizes oscillation in
different junctions in slightly inhomogeneous system.7 Irra-
diation field certainly enhances stability of uniform oscilla-
tions and synchronization in inhomogeneous system. Quan-
titatively, these effects will be considered elsewhere. In the
following we will use results �Eqs. �17� and �18�� to evaluate
the height of Shapiro step in the current-voltage characteris-

tic and radiation powers in the forward and backward direc-
tions.

IV. FIRST SHAPIRO STEP

We proceed now with derivation of the I-V characteristic
and power of radiation from the irradiated crystal. In the first
order in �� �n=1 Shapiro step� the dimensionless dc current
density j=J /Jc is given by the expression j=�c�
+ �Im����� /2. The total dc interlayer current density consists
of the quasiparticle contribution, jqp, the current induced by
radiation in the absence of incident wave,7 jsp, and also
irradiation-induced �stimulated� current jstim,

j = jqp + jsp + jstim���, jqp = �c� +
�c

2�2 , �19�

jsp =
a

2�2G2 , �20�

jstim��� �
he

�2 Im� exp�i��sin�2��/�2��

k̄� sin�2�� + i�� cos�2��

 , �21�

with

G2 = �1 + L�a�2 + a2, a =
Lz�1 + d�

2Lxc
,

and L�= �L�
�−�+dL�

�+�� / �1+d�. The second term, jsp, corre-
sponding to spontaneous radiation, becomes significant at
large N as the effectiveness of direct channel increases with
N �while the effectiveness of antenna channel in the design
crystal antenna decreases with N as impedance of the crystal
increases with N�. As a result, large-N crystal may work
effectively as a transmitter as well as a receiver without ex-
ternal antenna.

The Shapiro-step term, jstim����Be, is the current due to
the stimulated radiation. In the limit �c�� and in the
narrow-stack regime, �Lx /
c�1, we expand it in small �

and, using �� / �2k̄������ / �2���a�1− iL��, we obtain

jstim �
Be
J

BcLx�
2G

sin�� − �0�, tan �0 =
a

L�a + 1
. �22�

The current jstim��� may take any value in the interva
l �−jstep /2, jstep /2� as the phase � adjusts to a given value of
total current j�0 in the interval −� /2��−�0�� /2 at
fixed voltage �see Fig. 2�a��. The full Shapiro-step height is
given by the expression

jstep =
2Be
J

Bc�
2LxG

. �23�

The step amplitude weakly depends on the number of resis-
tive junctions N for N�2Lxc / �s�1+d�� and decreases as
N−2 for larger N. For the total current, Istep=JcLxwjstep, we
estimate the Shapiro-step height for BSCCO at � /2�
=1 THz as Istep / �wBe��30 mA / �cm G� in the case of short
mesa, N=10, Lx=10 �m. For tall mesa, Lz=40 �m and
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Lx=4 �m, we estimate Istep / �wBe��10 mA / �cm G�. The
latter geometry is close to the optimal one for radiation7 and
such a crystal may work effectively for both transmission
and detection.

Zero-crossing Shapiro step occurs when j=0. This is pos-
sible if ��1 and if spontaneous radiation is small. For small
N, when a�1, �c�

3, such a radiation may be neglected.
Then the condition for zero-crossing Shapiro step, jstep /2
��c�, can be represented as

Be � �cBc
Lx


J

�3

�p
3 . �24�

At given V�0 and positive currents the battery power is
converted into heat due to quasiparticle dissipation and also
into radiation, as we will show in Sec. V. At negative cur-
rents irradiation power is converted into heat and into direct
current which charges the battery as IV�0 there.23

V. STIMULATED RADIATION

In this section we analyze radiation emitted from the stack
in both directions in the form of cylindrical waves. The
Poynting vector of the radiation into the right side is given
by the expression

Px
+ =

c�2Bc
2�3

8���c

Re��+�����Lx/2��2. �25�

In the limits �c�� and �Lx /
c�1 we can evaluate Px
+ using

Eq. �18�. The total Poynting vector can be split naturally into
three contributions,

Px
+ = Px,sp

+ + Px,stim
+ + Px,n

+ , �26�

with

Px,sp
+ � Px0

+ =
�dJc

2Lz

c
2�JG2 , �27�

Px,stim
+ = − Px0

+ 4Be
J

BcLx
cos � , �28�

Px,n
+ =

cBe
2

4�

dLzc

c
2�JG2Lx

2 . �29�

The term Px,n
+ is not affected by Josephson oscillations and it

describes the transmitted wave in the absence of the bias
current. The spontaneous radiation power in the absence of

an incident wave, Px0
+ �Px�h̃=0�, corresponds to the second

term in the right-hand side of Eq. �19� and it was discussed
in Ref. 7. For small Lx, Lx�Lz /c, Px,sp�Lx

2, and it is N
independent, while for larger Lx, in the super-radiation re-
gime, it is proportional to N and is independent of Lx. The
radiation intensity depends on the angle of propagation  
with respect to the x axis as cos  .

The total energy-flow density at the left side, Px
−, is given

by

Px
− = −

cBc
2�3�

8��c

�� Re��−����
− �2 − Im���

−�h̃�� , �30�

with ��
− =���−Lx /2�. The reflected power density, Px

−, is re-

lated to Px
− as Px

−=
cBe

2

8� −Px
−. Using again Eq. �18�, we derive

Px
− = Px,sp

− + Px,stim
− + Px,n

− , �31�

Px,sp
− � Px0

− =
�Jc

2Lz

c
2�JG2 , �32�

Px,stim
− = Px0

− 2Be
J

BcLx
� �d + 1�sin �

tan �0
+ �d − 1�cos �
 ,

�33�

Px,n
− =

cBe
2

8� �1 −
2dLz

c
2k�Lx

2G2 . �34�

We can check that the derived radiation powers satisfy the
energy conservation law,

Px
+ + Px

− = �jsp + jstim�Jc
LxV

s
+

cBe
2

8�
, �35�

where V is the voltage drop per single junction.

j

V

jstim jstep

(a)
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P
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N = 100
N = 1000
N = 104

FIG. 2. �Color online� �a� Schematic of Shapiro step in the
current-voltage dependence. �b� Representative dependences of the
stimulated radiation powers in forward and backward directions on
the Shapiro-step current for different numbers of junctions in the
stack. We used parameters � /2�=1 THz, Lx=10 �m, c=12, and
d=10.
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A natural scale for the stimulated radiation is given by the
extra power at the Shapiro step provided by dc source,

Pstep = JcLx
V

s

jstep

2
,

where the Shapiro-step height jstep is given by Eq. �23�. Us-
ing this scale, we can rewrite results for Px,stim

� in a more
transparent form,

Px,stim
+ = − Pstep

2d

d + 1
sin �0 cos � , �36�

Px,stim
− = Pstep�cos �0 sin � +

d − 1

d + 1
sin �0 cos �
 .

�37�

Both jstim and the total stimulated radiation power reach
maximum when �=� /2+�0, i.e., at the highest point of the
Shapiro step. Split of the total power between the forward
and backward directions depends mostly on the aspect ratio
of the stack. The representative dependences of the stimu-
lated radiations in transmission and in reflection on the
Shapiro-step current jstim for different N are shown in Fig.
2�b�. The stimulated contribution decreases the total radia-
tion at jstim�0, while at jstim�0, the radiation increases pre-
dominantly in the backward direction. At a�1 �for small
N�2Lxc / �s�1+d��� the forward stimulated radiation is
negligible, while the Poynting vector of the backward radia-
tion becomes proportional to stimulated current,

Px,stim
− =

LxV

s
Jcjstim �38�

�see, e.g., plots for N=100 in Fig. 2�b��. In this limit almost
all stimulated current is converted into the backward radia-
tion at jstim�0, while at jstim�0 the radiation losses are
reduced by the amount proportional to �Px,stim

− �, decreasing
the power consumption from the battery. The external radia-
tion may even charge the external battery in the case of the
zero-crossing Shapiro step.

The effect of enhancement of the radiation at sin��−�0�
�0, in principle, may be used to amplify the electromagnetic
waves. In the terahertz frequency range enhancement of the
Pointing vector Px at the maximum point �=� /2+�0 is
given by Eq. �31�. We estimate that for realistic powers of

the external wave the maximum stimulated power density
always exceeds external power density. Moreover, for suffi-
ciently large external power, at Be�Bc�1+d�Lz / �4cG
J�,
the stimulated radiation may also have larger power than the
spontaneous radiation. For example, unirradiated crystal with
Lx=4 �m in the super-radiation regime, Lz=40 �m, emits
the em wave with the amplitude Br,y �3.5Bc�0.6 G corre-
sponding to the power density �40 W /cm2. Irradiation of
such crystal with external wave with the same power would
generate maximum stimulated radiation with six times larger
power.

VI. CONCLUSIONS

In conclusion, we considered the response of the IJJ stack
in the resistive state to external irradiation with the frequency
coinciding with the Josephson frequency. Irradiation of
c-axis dc-biased layered crystal leads to additional stimulated
radiation from the crystal at the upper part of the Shapiro
step. Both Shapiro-step current and stimulated radiation are
determined by the phase shift between the incident electro-
magnetic wave and Josephson oscillations. During current
sweep, this phase shift is adjusted to the value of current. At
the lower part of the Shapiro step with zero-crossing current
the power of the incident em wave is converted into dc
charging the battery. The setup shown in Fig. 1, in principle,
may be used as an amplifier of the em waves in the terahertz
frequency range. The important role of external radiation is
that it also enforces the synchronization of Josephson oscil-
lations in all junctions of a crystal and fixes the phase of
radiated electromagnetic wave. In the same way one can syn-
chronize radiation from several crystals. Even though our
quantitative analysis is only valid for specific simplified ge-
ometry, we expect that similar stimulated radiation should
also exist in other geometries. Up to now only formation of
the Shapiro steps by external radiation in the current-voltage
dependences has been studied. It would be very interesting to
perform combined analysis of both transport and outgoing
radiation in the Shapiro-step region.
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